Novel optically active acridone bis(urea) and bis(thiourea) derivatives were synthesized and their enantiomeric recognition abilities towards the enantiomers of tetrabutylammonium salts of a-hydroxy and N-protected a-amino acids were examined in acetonitrile-DMSO 99:1 using fluorescence spectroscopy.
Introduction
Enantiomeric recognition as a special case of molecular recognition, is a frequently occurring and vital phenomenon in Nature. Examples of its action include the metabolism of single enantiomeric forms of amino acids and sugars in biosynthetic pathways. Since each enantiomer of a biologically active chiral compound may have different physiological properties to the other, the determination of the enantiomeric composition of chiral organic compounds has great importance.
The carboxyl group is a very common functional group in amino acids, enzymes, metabolic intermediates and several biologically active molecules. Therefore, the synthesis and studies of sensor and selector molecules, which are able to discriminate between the enantiomers of chiral carboxylic acids, are of great interest. The enantiomers of chiral carboxylic acids can not only be differentiated in their neutral forms, and also as their carboxylates by enantioselective anion sensors. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Amino acid, BINOL, steroid and monosaccharide units are the most frequently used chiral building blocks in anion sensors, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] 18 while 1-arylethyl [19] [20] [21] [22] moieties have also been applied as sources of chirality. Urea and thiourea units are often used as the receptor parts of these sensor molecules because of their high affinity towards anions due to hydrogen bond formation. 9 Some chiral anion sensors containing two urea or thiourea moieties have a fluorescent signalling unit, which allows for the examination of the anion recognition process by the spectroscopy. 9, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Using an acridone fluorophore unit in a sensor molecule is very advantageous because of its strong fluorescence [32] [33] [34] [35] and great photostability. 36 Acridone 37 and certain amide, urea, thiourea [38] [39] [40] and pyridyloxadiazole 41 functionalized achiral derivatives proved to be efficient receptors for different anions.
Herein we report the synthesis of novel acridone bis(urea) and bis(thiourea) derivatives containing (S)-1-phenylethyl units (S,S)-1 and (S,S)-2 (Scheme 1), and our studies on their enantiomeric recognition abilities towards the enantiomers of different optically active tetrabutylammonium carboxylates in acetonitrile containing 1% DMSO.
Results and discussion

Synthesis
The synthesis of new acridone bis(urea) and bis(thiourea) derivatives containing (S)-1-phenylethyl units (S,S)-1 and (S,S)-2 was carried out as outlined in Scheme 1. Diaminoacridone 3 was reacted with the appropriate, commercially available optically active isocyanate (S)-4 and isothiocyanate (S)-5 in DMF to give acridone derivatives (S,S)-1 and (S,S)-2.
Diaminoacridone 3 was synthesized from dinitroacridone 4 [42] [43] [44] [45] by catalytic hydrogenation (yield: 97%, Scheme 2) as a more efficient and convenient method than the ones published in the literature (reduction with stannous chloride and hydrochloric acid, yields: 51-78% [42] [43] [44] [45] and reduction with sodium hydrosulfite, yield: 63% 43 ).
Enantiomeric recognition studies
The enantiomeric recognition abilities of receptors (S,S)-1 and (S,S)-2 towards the enantiomers of tetrabutylammonium salts of mandelic acid (Man), tert-butoxycarbonyl-protected (Boc-Phg), tert-butoxycarbonyl-protected phenylalanine (Boc-Phe) and tert-butoxycarbonyl-protected alanine (Boc-Ala) ( Fig. 1) were studied in acetonitrile containing 1% DMSO by UV-vis and fluorescence spectroscopies.
Since basic anions often cause the deprotonation of neutral anion sensors, we recorded the UV-vis and fluorescence spectra of the deprotonated forms of receptors (S,S)-1 and (S,S)-2 using tetrabutylammonium hydroxide as a strong base (Fig. 2) .
We also determined the fluorescence quantum yields of the neutral and deprotonated forms of receptors (S,S)-1 and (S,S)-2 and acridone as a reference compound (Table 1) . When comparing the quantum yields of the neutral forms, a considerably lower value is observed in the case of thiourea derivative (S,S)-2, which can be attributed to the quenching effect of the sulfur atoms in the molecule. It can also be seen that the urea moieties did not significantly influence the quantum yield of the acridone core. The quantum yields of acridone and receptor (S,S)-1 show a slight decrease, while that of receptor (S,S)-2 shows a significant increase upon deprotonation. Thus, the quantum yields of the deprotonated forms are similar.
Upon the addition of carboxylate anions to receptors (S,S)-1 and (S,S)-2, the absorption spectral showed changes due to complexation and in most cases, little to no spectra characteristic changes to deprotonation were observed ( Fig. 3A and B) . There was an exception [(S,S)-1 + Boc-Ala], in which case the absorption spectra changes due to deprotonation were more significant (Fig. 3C ).
For the investigation of the complexation properties of receptors (S,S)-1 and (S,S)-2 by fluorescence spectroscopy, excitation wavelengths (375 nm and 385 nm, respectively) were chosen from the absorption ranges where the absorbances of the deprotonated receptors were lower than those of the neutral forms. In this way, the fluorescence titration spectra upon the addition of the various chiral carboxylates showed mainly the spectral characteristic changes to the complexation process, and the deprotonation could be neglected during the evaluation. The titration series of spectra, which showed 10-40% emission decreases upon addition of carboxylates (Fig. 4) , could be fitted satisfactorily by assuming a 1:1 complex formation and the enantioselectivity values were calculated (Table 2) .
Based on these results, receptor (S,S)-1 had an appreciable enantiomeric recognition ability towards (S)-Boc-Ala over its (R)-isomer (Fig. 4) . However, in the cases of other chiral carboxylates (Man, Boc-Phg and Boc-Phe) containing a phenyl or benzyl group at their stereogenic centres, receptor (S,S)-1 showed practically no enantiomeric discrimination. This can be attributed to an additional p-p interaction between the phenyl or benzyl moiety and one of the urea carbonyl units beside the hydrogen bonded interactions between the carboxylate and the NH groups. Presumably, the complexes with the enantiomers of Boc-Ala containing an aliphatic and less bulky methyl group had a different structure relative to the complexes with Man, Boc-Phg and Boc-Phe, thus it can render much higher enantiomeric recognition for the former.
It can also be seen that the stability constants of the complexes of receptors (S,S)-1 and (S,S)-2 with Boc-Phe containing a benzyl group are larger than those with Boc-Phg and Man containing a phenyl group. The change of the urea moieties to thiourea ones had a significant effect on the enantiomeric recognition, that is, receptor (S,S)-2 showed moderate selectivity towards the enantiomers of most chiral anions studied (the only exception was Boc-Phe). The opposite (homochiral) enantioselectivity preference in the case of Boc-Ala can also be explained by a probably different binding mode to the receptor relative to Man and Boc-Phg. 
Conclusion
Herein we have studied the enantiomeric recognition abilities of the newly synthesized acridone bis(urea) (S,S)-1 and acridone bis(thiourea) (S,S)-2 towards the enantiomers of tetrabutylammonium salts of a-hydroxy and N-protected a-amino acids. The highest enantioselectivity was observed in the case of receptor (S,S)-1 and Boc-Ala. The presence of a phenyl or benzyl group in the carboxylate anion had a significant effect on the enantiomeric recognition ability of receptor (S,S)-1. The type of the receptor units (urea or thiourea) in the anion sensors also influenced the enantiomeric discrimination.
Experimental
General
Starting materials were purchased from Sigma-Aldrich Corporation unless otherwise noted. Silica gel 60 F 254 (Merck) plates were used for TLC. The ratios of the solvents for the eluents are given in volumes (mL/mL). Solvents were dried and purified according to well established methods. 46 Evaporations were carried out under reduced pressure. Melting points were taken on a Boetius micro-melting point apparatus and are uncorrected. Optical rotations were taken on a Perkin-Elmer 241 polarimeter, which was calibrated by measuring the specific rotations of both enantiomers of menthol. IR spectra were recorded on a Bruker Alpha-T FT-IR spectrometer. UV-vis spectra were taken on a Unicam UV4-100 spectrophotometer. Quartz cuvettes with path length of 1 cm and 4 cm were used. Fluorescence spectra were recorded on a Perkin-Elmer LS 50B luminescent spectrometer. Emission spectra were corrected by the spectrometer software. Quartz cuvettes with path length of 1 cm were used. Fluorescence quantum yields were determined relative to quinine sulfate (U f = 0.53 in 0.1 M H 2 SO 4 ). 31 Stability 
Table 2
Stability constants for complexes of (S,S)-1 and (S,S)-2 with the enantiomers of optically active tetrabutylammonium carboxylates and the degrees of enantiomeric differentiation in MeCN-DMSO 99:1 constants of the complexes were determined by global nonlinear regression analysis using SPECFIT/32 TM software. The enantiomers of mandelic acid and Boc-protected amino acids were purchased from Sigma-Aldrich Corporation. The tetrabutylammonium salts of the anions were prepared by adding 1 equiv of carboxylic acid to 1 equiv of Bu 4 NOH dissolved in MeOH. After evaporating MeOH, the salts were dried under reduced pressure over P 2 O 5 . During the fluorescence titrations, the concentrations of 
To a solution of diaminoacridone 3 (200 mg, 0.888 mmol) in DMF (3 mL) was added a solution of isothiocyanate (S)-5 (304 mg, 1.862 mmol) in DMF (2 mL) under Ar at rt. The mixture was stirred at rt for 10 days. The solvent was removed, and the residue was triturated with water, ethanol and then butyl acetate. The crude product was recrystallized from DMF-ethanol to yield acridone derivative (S,S)-2 (132 mg, 27%) as yellow crystals. Mp: 233-237°C (decomp.); R f : 0. 39 
